Liquid jets are a classical topic that has been investigated for 100 years. 1 Liquid jets fall into two basic categories, 2 submerged jets and non-submerged jets, depending on whether the surrounding medium is the same as the medium of the jet. In the case of a typical non-submerged jet, [3] [4] [5] [6] the liquid jet is ejected from a nozzle above the liquid surface into the air, and the trajectory, except for vertical ejection, can be roughly described by the parabolic curve y = 0 cosθ , where y is the vertical displacement, x is the horizontal displacement, g is acceleration due to gravity, θ is the slant angle relative to the horizon, and v 0 is the average velocity of the liquid jet from the nozzle. In the case of a typical submerged jet, 1 the liquid jet is ejected from a nozzle below the liquid surface and does not leap out of the free surface. Submerged jets are widely used in underwater cleaning and cutting, 7 and many works therefore investigate their flow field and heat transfer. 8 Most previous studies on liquid jets focused on either a typical non-submerged jet (always traveling through air) or typical submerged jet (always traveling through water). In reality, however, it is not uncommon for liquid jets to emanate near but below the liquid surface. A fascinating example is the hunting method employed by the archerfish. [9] [10] [11] [12] [13] The fish ambushes insects from underwater and, like a sniper, shoots the insects down accurately with a liquid jet. Although the lips of the fish are sometimes above the water surface, there is certainly contact between the bulk liquid and the liquid in the mouth of the fish owing to the incomplete cheeks of the fish. [9] [10] [11] [12] [13] [14] In this letter, we explore the effect of a thin layer of liquid on the trajectory of a liquid jet submerged at a small depth. In addition, we establish a model to estimate the trajectory of the liquid jet leaping out of the liquid surface.
An experimental setup is developed to study the liquid jet leaping out of a free surface, as sketched in Fig. 1 . A liquid jet is pumped out of a stainless-steel needle that is connected a) Authors to whom correspondence should be addressed: junzou@zju.edu.cn and jich@zju.edu.cn to a syringe via a small pipe. The syringe is pushed by an aluminum block that moves along a screw platform. A stepping motor is used to drive the block. In our experiments, the average velocity of the jet exiting the nozzle v 0 ranges from 1 to 4 m/s. The needle with inner radius r = 0.65 mm and outer radius r = 0.89 mm is positioned underwater in a rectangular Plexiglas container (15 × 15 × 60 cm 3 ). The immerged depth γ, which is measured from the tip of the needle to the free surface, is 1.5-3.0 mm. The needle is first positioned at the free surface before it is moved to the target depth. To find the position of the free surface (γ = 0), the needle is first submerged and then lifted by a manual displacement platform until the tip of the needle approaches its mirror [ Fig. 1(c) ]. The resolution of the manual displacement platform is 0.01 mm. The slant angles of the needle θ range from 30°to 60°. The distance that the jet travels from the nozzle to the free surface is c = γ sinθ + r tanθ . Two glycerin solutions are used as test fluids both in the tank and the syringe (Table I) . For each experiment, the liquid in the syringe is the same as that in the bath. The experiments are carried out at atmospheric pressure, and the laboratory temperature is maintained at 20 ± 2°C. The Reynolds number Re = To record the details of the jet behavior, a high-speed video camera (FASTCAM-ultima APX) fitted with a Nikkor 60-mm microlens is used. 15, 16 Images are captured at 6000 frames per second. All the error bars in figures are obtained for three runs of experiments.
Typically, a jet is a stream of fluid that is projected into a surrounding medium. We therefore consider the jet under the free surface to be liquid ejected from the nozzle and the jet above the free surface to comprise all parts of the liquid medium. However, we only focus on the trajectory of the liquid ejected from the nozzle in this letter.
Two characteristic lengths of the jet intersecting with the free surface are shown in Fig. 2 maximal horizontal distance that a jet travels above the free surface. For simplicity, we refer to l 1 and l 2 as the contact length and ejection length, respectively.
The evolution of contact lengths and ejection lengths for a jet with θ = 35°and γ = 2.0 mm (c = 4.76 mm) is shown in Fig. 2(b) . The liquid employed here is of type II. Generally, the jets can be divided into three regimes according to the two lengths [Figs. 2(c)-2(e)]: the curtain regime (l 1 = l 2 ), transition regime (l 1 < l 2 and l 1 > 10r/ sinθ), and column regime (l 1 < l 2 and l 1 10r/ sinθ). In the curtain regime, the jet above the free surface resembles a "liquid curtain" [ Fig. 2(c) ]. Both lengths (l 1 and l 2 ) extend as the jet velocity (v 0 ) increases. The jet enters a transition regime as the curtain collapses. In this regime, the contact length (l 1 ) retracts as the jet velocity (v 0 ) increases [ Fig. 2(b) ]. The jet continues to be curtain-like near the water-exit point and finally converges to a liquid column [ Fig. 2(d) ]. When the contact length (l 1 ) is close to its limit (2r/sinθ), the jet enters the column regime [ Fig. 2(e) ]. The division of the transition regime and column regime is set as l 1 = 10r/ sinθ in the present work.
For a standard projectile motion, the ejection length, l 2 = v 2 0 sin(2θ)/g, is drawn as a black line in Fig. 2(b) . This equation well predicts the ejection lengths of the non-submerged liquid jet (black diamonds), which is totally surrounded by air. Unfortunately, it cannot be used to estimate the ejection length in all regimes here. We now explore the reasons for this. Liquid is entrained from the bulk when the jet passes through the liquid layer. By adding red ink to the liquid inside the syringe [Figs. 2(c)-2(e)], we find that the jet above the free surface contains two parts: liquid from the syringe (red part) and liquid from the bulk (transparent part).
We thus explore how much liquid is entrained. A liquid jet with a total flow rate q t above the free surface contains two parts: liquid from the syringe with a flow rate q 0 = πr 2 v 0 and liquid entrained from the bulk with a flow rate q a . In our experiments, q t can be calculated by measuring the total volume of the jet above the free surface in a certain period of time (see the supplementary material). It is noted that q t is measurable only if the jet is in the transition regime or column regime. The analysis of the entrained liquid thus focuses on the column regime first. It is supposed that the total flow rate can be calculated by q t = π(r + h) 2 v 0 , where h is a length scale relative to the additive liquid. In our experiments, therefore, h can be
The experimental results [ Fig. 3(a) ] show that for a fixed slant angle (θ = 35°), increasing the characteristic length (c, by increasing γ) and the viscosity (µ) or decreasing the jet velocity (v 0 ) will increase h. Meanwhile, for jets with a constant characteristic length (c) but various slant angles (θ), h is indistinctive [ Fig. 3(b) ]. This may imply that the slant angle (θ) and the immerged depth (γ) affect the entrained liquid only through a change in the characteristic length (c). Furthermore, we found that h follows the scaling law h = K In the case of a high-speed solid column passing through a liquid bulk, it has been found that the liquid entrained in the volume is a viscous boundary layer. [17] [18] [19] [20] The maximum thickness δ of the boundary layer follows the scaling law δ ∼ µc ρv 0 . So if this scaling law is also available for the boundary layer of liquid columns, it may imply that the length scale of the additive liquid is relative to the maximum thickness of the boundary layer: h ∼ δ.
The liquid entrained by the boundary layer causes the slowdown of the jet and finally induces the deviation of the jet trajectory. For a jet in the column regime, it can be assumed that the entrained liquid has the same velocity as the liquid from the needle above the free surface [ Fig. 2 regime is therefore
The momentum transfer is complex in the curtain regime. Although the development of the boundary layer is independent of γ and the jet morphology over the free surface (i.e., a curtain or column), it is difficult to determine whether h = K µc ρv 0 still holds. Additionally, for a jet in the curtain regime, there is an appreciable velocity gradient in the curtain, which means that the average efficient velocity of the entrained liquid may be lower than the velocity of the liquid from the needle (see the supplementary material). For the curtain regime, therefore, considering both the velocity distribution in the curtain and the uncertainty of the flow rate of the entrained liquid, a coefficient k is used to modify the momentum of the entrained liquid: q 0 v 1 + kq a v 1 = q 0 v 0 . The equivalent jet velocity v 1 for a jet in the curtain regime is
The jet morphology above the free surface in the column regime is similar to that in the standard liquid-jet case. In these two cases, the gravity force and inertial force dominate the jet motion. The jet in the column regime is therefore regarded as a standard liquid jet with initial velocity v 1 . The ejection length for a jet in the column regime can thus be calculated as
By combining Eqs.
(1) and (3), the ejection length for a jet in regime I can be predicted. Figure 4(a) shows that Eq. (3) can well predict the ejection length with varying viscosity and characteristic length.
For a jet in the curtain regime, the liquid curtain is regarded as a liquid sheet that connects a liquid column and the bulk (see the supplementary material). In other words, the liquid column is dragged downward by the liquid sheet (under a capillary force). The magnitude of viscous and gravitational forces relative to the capillary force is prescribed by the Ohnesorge number Oh = µ √ σrρ and the bond number Bo = ρgr 2 σ , respectively; Oh ∼ 0.01 and Bo ∼ 0.1. Therefore, although both the capillary force and the gravity force drag the jet downward, it is reasonable to ignore the gravity in the curtain regime. As the capillary force remains perpendicular to the jet rim, the jet trajectory can be regarded as circular motion. The ejection length for a jet in the curtain regime is
By combining Eqs. (2) and (4), the ejection length for a jet in the curtain regime can be predicted. Figure 4 (b) shows that our model can well predict the ejection length with varying viscosity and characteristic length. Here, the coefficient k is fitted as 0.28 using Eq. (2), which implies that jets in the curtain regime with varying velocity and slant angle may have similar distributions of the velocity field in the volume.
A jet in the transition regime is indeed in a transition state between the curtain regime and column regime. Its trajectory is a composition of circular motion and projectile motion. However, it is difficult to predict the ejection length unless the contact length can be predicted.
We investigated the characteristics of a liquid jet ejected from an inclined nozzle, which is submerged by a thin layer of liquid. There are three regimes according to the jet morphology above the free surface: the curtain regime, transition regime, and column regime. In all regimes, the jet trajectory deviates from the standard projectile function. An important reason is that an additive liquid is entrained from the bulk when the jet passes through the thin layer of liquid. It was found that the length scale h relative to the additive liquid follows the scaling law h = K µc ρv 0 in the column regime. The equivalent average velocity for a liquid jet v 1 was estimated according to the momentum conservation for the curtain regime and column regime. Finally, models were established to predict the ejection length. See supplementary material for more details, showing the measurement of total jet flow rate (q t ), the flow field in the curtain regime, and the model for the jet trajectory in the curtain regime.
